A novel use of selection was applied to the examination of the genetics of phenotypic plasticity. The approach provides a sensitive way of detecting genotype-environment (g x e) interactions and also allows the form of any interactions across an environmental gradient to be investigated through changes in the shapes of the reaction norms. The wing pattern of the butterfly B. anynana varies with season; eyespot size increases with development temperature. Selection lines to increase and to decrease eyespot size at 28°C were carried out. The effect of selection on the eyespot reaction norms with temperature was examined. Selection produced divergent reaction norms across the entire range of temperature in most eyespots. Significant g X e interactions were sometimes present but the degree of interaction was always relatively small. When present, the form of the interaction varied between the sexes. There was a high degree of genetic independence between the eyespots on the ventral and on the dorsal wing surfaces, except in the dorsal eyespot in the wing cell corresponding to the wing cell of the selected ventral wing surface eyespot. The significance of the results for the maintenance of genetic variation in B. anynana is considered.
Introduction
Many animals live in seasonal environments and are exposed regularly to a variety of conditions. It is often proposed that a phenotype optimal in one season is suboptimal in another season. Under these circumstances, there would be strong selection favouring the evolution of the ability to produce different phenotypes in response to the changing seasons. The ability of a single genotype to produce different phenotypes in response to a environmental gradient is called phenotypic plasticity (Bradshaw, 1965; Williams, 1966; Sultan, 1987; West-Eberhard, 1989) . Many studies describe examples of phenotypic plasticity and the possible consequences for fitness (e.g. Dodson, 1974 Dodson, , 1989 Schlichting, 1989; David et al., 1990; Spitze, 1992; Strathmann et a!., 1992; Gebhardt & Stearns, 1993a,b; Weeks, 1993) . Most of these studies have been laboratory based and few examples of phenotypic plasticity have been considered under field conditions. Exceptions include the work of Brambila (1980) and Parejko & Dodson (1991) Holloway (1993) using several species of Eristalis hoverflies.
The tropical African butterfly Bicyclus anynana
Butler (Lepidoptera, Satyrinae) shows wet/dry seasonal variation in a variety of ventral surface wing pattern elements, as do many of the other 80 species (Condamin, 1973) in the genus (J. C. Roskam, personal communication). For example, the size of the eyespots on the ventral margins of the fore-and hindwings increases with developmental temperature (Brakefield & Reitsma, 1991; Windig, 1992) . It is thought that large eyespots in 'wet season' animals serve to deflect the attacks of vertebrate predators during the period of breeding activity. In the dry season, there are few opportunities for breeding and the wing eyespots on individuals emerging from pupae at the start of this period are very small to enhance the cryptic pattern required to rest undetected on the dry brown leaves that litter the forest floor (Brakefield & Larsen, 1984) .
Cases where the phenotype varies with season, for example spring and summer broods of certain butterfly species (e.g. Polygonia c-album (Nylin, 1989) and Araschnia levana (Koch, 1992) ) that are phenotypically distinct, are referred to as seasonal polyphenisms (Shapiro, 1976; Stearns, 1989) . Stearns (1989) limits the use of reaction norms (Wolterek, 1909; Schmalhausen, 1949; Stearns & KoelIa, 1986) to continuous changes in a character's value in response to an environmental gradient. B. anynana and B. safitza both show seasonally determined phenotypic variation but it is clear that the wing patterns of both species can change continuously with temperature (Brakefield & Reitsma, 1991; Windig, 1992) , so it is appropriate to refer to reaction norms in the case of Bicyclus wing patterns.
The theory of the genetics of plasticity and the associated reaction norm (Wolterek, 1909; Schmalhausen, 1949; Stearns & KoelIa, 1986) has been developed in some detail (e.g. de Jong, 1 990a,b; Gabriel & Lynch, 1992; Gavrilets & Schemer, 1993a,b) . The genetic variance of plasticity can be equated with genotypeenvironment (g x e) interactions (Via & Lande, 1985 , 1987 ) and this component of variation has been estimated for a variety of experimental systems (Via, 1984; Groeters & Dingle, 1987; Newman, 1988; Wade, 1990; Rawson & Hilbish, 1991; Hughes, 1992; Platenkamp & Shaw, 1992) . Significant g X e interactions have frequently been found. Another approach has been to measure the heritability of plasticity (e.g. Schemer & Lyman, 1989; Ebert et a!., 1993; Windig, 1993) . Although the statistical analysis of these results remains a problem (Schemer & Lyman, 1989; Schemer eta!., 1991) , the best measure of heritability in this case is the variation of slopes of linear reaction norms divided by the total variation in slopes (de Jong, 1990a) . However, there are very few data available to indicate the shapes of reaction norms (van Noordwijk & Gebhardt, 1987; Gavrilets & Schemer, 1993a,b) and, furthermore, many studies have considered the phenotype in only two environments (Groeters & Dingle, 1987; Newman, 1988; Hillesheim & Stearns, 1991; Kingsolver & Wiernasz, 1991; Ebert et a!., 1993; Hill & Gatehouse, 1993) . Where more than two environments have been considered the resulting reaction norms are sometimes approximately linear (e.g. Weiss & Gorman, 1990; Rawson & Hilbish, 1991) , but often not (e.g. Gupta & Lewontin, 1982; Windig, 1993) . Selection experiments have also been carried out to reduce or increase the range of plasticity (Schemer & Lyman, 1991; Hillesheim & Stearns, 1991) .
The purpose of the present study was to investigate aspects of the genetics of plasticity in wing pattern in B.
anynana. We developed a selection procedure to generate the necessary data. If the reaction norms of different genotypes cross extensively, a significant g x e interaction occurs (van Noordwijk, 1989) . The more the reaction norms intersect in a random manner the lower the genetic correlation among environments (Via, 1984) (Via & Lande, 1985; Falconer, 1989) . On the other hand, the reaction norms may diverge, cross or display some other form of line by environment interaction so that g x e interaction could be inferred.
Genetic variance components, such as g x e inter actions, are difficult to measure precisely. An advantage of the approach described here is that it allows mean values to be compared which can be The size of the eyespot was closely correlated with the size of the butterfly, so selection was carried out on the ratio of the second eyespot to the length of the forewing. Ratios were taken rather than residuals about a regression line in order to ensure that all butterflies had an equal chance of being selected, irrespective of size. After 10 generations of selection on the high line and seven generations of selection on the low line the two lines had diverged substantially from each other (Holloway eta!., 1 993a) and selection was terminated. Newly hatched larvae produced by the adults which came from the last generations of the two selection lines were distributed over four temperatures (17°C, 20°C, 23°C and 28°C) to obtain reaction norms of the various wing pattern elements against temperature.
These temperatures represent approximately the normal mean monthly range experienced by the butterflies under field conditions in Malawi (Brakefield & Reitsma, 1991) . Ideally, one would wish to obtain bundles of reaction norms (van Noordwijk, 1989) , each reaction norm derived from a single family. However, previous work has shown that it is very difficult to get pairs of B. anynana to mate in isolation and also females may mate more than once. Consequently, the butterflies were mass reared so that the mean effect of selection on the 'population' reaction norm could be assessed.
For each line, at least 100 pairs of butterflies were placed into a mesh cage ( Six wing characters were measured using a Wild binocular microscope: length of left forewing, the widths of the second and fifth eyespots on the ventral surface of the left forewing, the width of the fifth eyespot on the ventral surface of the left hindwing and the widths of the second and fifth eyespots on the dorsal surface of the left forewing. All statistical analyses were carried out using Minitab. Because mortality varied among the temperatures, the final data set was imbalanced. Analyses of variance (F) were carried out using GLM.
Results
A total of 951 adult butterflies were reared that were in good condition for analysis (169 at 17°C, 224 at 20°C, 350 at 23°C and 208 at 2 8°C). The sex ratio was biased (353 males and 598 females) and there was significant heterogeneity across the temperatures ( = 14.3, P < 0.01), principally caused through a low percentage of males at 28°C. We have, at present, no explanation for this observation. Windig (1992) showed that the wing pattern in B. safitza was more closely related to the logarithm (log) of development period than to developmental temperature, suggesting that the proximate cue for wing pattern was integrated into development period. This was also true for females in the present study and log development period frequently explained over 30 per cent of the variation in spot size. There was no difference in the amount of variation explained by log development period and temperature in males. However, development period and temperature were very closely related (males: r -0.89, P <0.001; females: r= -0.864, P<0.001) and we were concerned with an examination of the reaction norms which, by definition, refer to phenotypic value on environmental variable (Wolterek, 1909; Schmalhausen, 1949; Bradshaw, 1965) , so analyses were carried out with reference to temperature and not development period.
As wing pattern is closely related to the development period, the selection procedure could have simply selected for short and long development periods rather than for the wing pattern itself. Table 1 shows the mean development periods for males and females at the various temperatures. It is clear that selection influenced the development period and that the high line always had a shorter average development period than the low line (males: F4345 = 9.8, P <0.001; females: F4575 = 109.7, P <0.001). However, for a given development period the high and low lines did not produce the same wing pattern, indicating that genes coding for the various wing pattern elements independent of development were also selected (van Oosterhout etal., 1993) . Table 1 shows the mean wing lengths of the two sexes reared under the various temperatures. Males were significantly smaller than females (F1,950 = 1099.2, P < 0.00 1), but for neither sex was there an effect of selection on wing length (males: F1352 =0.88, not significant (NS); females: F1596= 3.21, NS). For both sexes there was variation in wing length across temperature (P <0.001) with, generally, larger insects being produced at lower temperatures. Wing length was correlated with the size of eyespots at all positions on the wing surface within each temperature (e.g. wing length vs. second forewing ventral eyespot at 28°C: males: average r 0.42, P <0.05; females: average r 0.33, P <0.05). In order to compensate for this the analyses below were carried out on the ratio of eyespot width to wing length.
The width of the second eyespot on the ventral surface of the forewing over forewing length was the character to which selection was applied. There was a large effect of selection on the ratio in both sexes The development period is in days from egg hatch to emergence from pupa and the lengths and widths are in mm. Standard errors about the means are attached. The fifth dorsal surface eyespot ratio was different from all the other wing components examined in that the eyespot in females showed only a limited effect of selection (F1,596 =8.3, P <0.005) and in males no effect at all (F1,350 = 2.9, NS; Fig. le) . In both sexes there was variation across temperature (males: F3,348 10.5, P<0.OOl; females: F3,594=22.7, P<0.00l), but in neither sex was there a line X temperature interaction 
Discussion
It has long been argued that phenotypic plasticity can be adaptive and, therefore, subject to the effects of natural selection (e.g. Bradshaw, 1965; Caswell, 1983;  Schlichting, 1986; Schemer, 1993; Schlichting & Pigliucci, 1993; Windig, 1993) . This implies that genes exist which influence plasticity, although not everybody agrees with this latter point (Via, 1993) . Recently, much attention has been directed towards examining the genetic basis of plasticity. This can be complicated using quantitative genetics (Schemer & Lyman, 1989;  Schemer et al., 1991) and also suffers, as do all estimates of genetic variance and covariance, from large standard errors. Given this, it is sometimes more realistic to aim to demonstrate the presence of genetic variation for plasticity than to try to quantify it with precision. The approach used here is somewhat different from selection to increase or decrease plasticity, in that selection was only carried out in one environment. The subsequent change in the position, slope and shape of the mean reaction norm indicates whether the genes selected remain operational across the entire environmental gradient. One statistical advantage of this type of approach is that the identification of the parameters of interest is not hampered by large standard errors.
Furthermore, the analysis does not rely on the assumption that the reaction norms are linear, which in reality is not always the case (see Introduction). A possible disadvantage is that selection experiments continue for many generations whereas a split family analysis can be performed in one or two generations. The organism used here, B. anynana, was attractive because it carried wing pattern characters for which the function is well described (Brakefield & Larsen, 1984) , so that we were confident that we were dealing with adaptively plastic characters. Some other studies have been concerned with characters such as thorax size in Drosophila (e.g. Schemer & Lyman, 1989 , 1991 Weber & Scheiner, 1992) and the function in the wild of this variation with temperature is less well understood, although species like Drosophila clearly have certain advantages for selection experiments. All eyespots on the ventral surface showed significant responses to selection which resulted in the reaction norms of the sizes of the eyespots relative to wing length separating across their entire length. As pointed out by Holloway eta!. (1 993a), selection for eyespot size probably occurred at two levels: genes coding for the reaction of cells in a localized area to the concentration of eyespot-forming morphogens and on genes affecting the production or denaturation of these morphogens (Nijhout, 1980 (Nijhout, , 1990 (Nijhout, , 1991 French & Brakefield, 1992) . The relative size of the second eyespot on the ventral surface was selected and selection here would have influenced genes at both levels. The heritability of this eyespot is estimated to be over 0.4 (Holloway eta!., 1 993a) and, consequently, there was a rapid response to selection. There was also a substantial line x temperature (i.e. g x e) interaction in both sexes. In B. anynana and B. safitza, the eyespot reaction norms with temperature are continuous (Brakefield & Reitsma, 1991; Windig, 1992, respectively) and not bounded at extremes of environmental tolerance (Gabriel & Lynch, 1992) . However, it is also clear that if selection were continued in this system, the selection line for small eyespots would encounter a lower boundary in that eyespots smaller than zero cannot be produced. If this occurred, a line X temperature interaction might exist that need not reflect a g Xe interaction, although very few zero eyes pots were noted in the present study so we are confident that the data here have not been influenced significantly. Also, there is no evidence that the low selection line levels off at 17°C (Fig. 1 a) which supports this assertion.
The other two ventral eyespots that were examined showed large correlated responses to selection (Fig. lb. c). It can be argued that this correlated response probably occurred as a result of selection for genes responsible for the control of the mechanism that produces eyespots, which is common to all eyespots, at least on the ventral wing surface (French & Brakefield, 1992) . The females showed no linextemperature interaction for either pair of reaction norms whereas the males did in both cases. Interestingly, the form of the interaction was the same for these two eyespot ratios as for the selected ratio, namely that the widest point between the reaction norms occurred at 23°C. This suggests that the genetics of plasticity for wing pattern characters differs between the sexes. It is the case that males are generally much darker than females and thermoregulatory behaviour is probably more important in males (Windig, 1992 (Windig, , 1993 . Indeed, in the present study there was always a significant positional difference between reaction norms with respect to sex. Developmental constraints are often sex-dependent (Maynard Smith Ct a!., 1985) and, in other systems, a substantial amount of sex-limited gene expression has been found (Holloway et a!., 1993b) . Given this, it is not impossible that sex-limited differences in the g X e interaction could evolve.
The appearance of the dorsal wing surface is different from the ventral surface and it might be that there is a difference in the way in which eyespots are formed (Holloway et al., 1993a) . If this is the case, one may expect to see only a weak correlated response of the dorsal eyespots to selection. With the fifth eyespot (but not the second) on the dorsal surface in males this expectation was wholly fulfilled; there was no effect of selection and no line X temperature interaction. In females, there was an effect of selection, although very small, and again no interaction. This result demon-strates that the sets of genes governing variation in the size of the dorsal fifth eyespot are largely independent of those affecting variation in ventral surface eyespots, at least at 28°C under the conditions of selection. Weber (1992) showed that genes can effect very small localized areas of insect wings, so that the selection procedure carried out here could have resulted in changes only in the region of cell 2 on the ventral and dorsal wing surfaces. These genes had, more or less, similar effects across the environmental gradient used here. The results suggesting a two level genetic control of eyespot development and some independence of the mechanisms determining eyespots on the two wing surfaces (Holloway et al., 1993a) are supported by work on eyespot formation in B. anynana (A.
Monteiro, personal communication).
Although g X e interactions and, therefore, genetic variation for plasticity were often demonstrated for the relative eyespot sizes, it is clear from Fig. 1 that the amounts of variation explained by the interaction components were always very small. Cases of significant interaction explained on average less than 1 per cent of the total phenotypic variation. The results imply that the population studied here has relatively little genetic variation available that would enable a given genome to produce a very large eyespot in the wet season and a very small eyespot in the dry season or vice versa. There is evidence to suggest that large eyespots in the dry season are heavily selected against in B.
safitza and Melanitis leda (N. Reitsma, personal communication), so it could be that most of the genetic variation for plasticity has been eroded through natural selection, thus constraining the evolution of an optimal solution to the environmental variability (Gomulkiewicz & Kirkpatrick, 1992) . If larger g X e interactions existed there would be more scope for further or more rapid evolution towards a state where a genotype could attain an optimal solution under a range of conditions (Via & Lande, 1985; Stearns & Koella, 1986 ; de Jong, 1 990a).
The role played by g x e interactions in maintaining polygenic variation has been modelled by Via & Lande (1987) and Gillespie & Turelli (1989) . In the first case, it was concluded that g x e interactions would not contribute to the maintenance of genetic variation if an optimal reaction norm could evolve. Gillespie & Turelli (1989) pointed out that g X e interactions could contribute significantly to the maintenance of genetic variation if no one genotype was most fit in all environments. The heritability of eyespot size in B. anynana is in excess of 40 per cent (Holloway et al., 1 993a) . The fluctuating selection pressures that each genotype experiences with changing season could contribute to the maintenance of such high levels of heritability in B. anynana. The theory of the maintenance of genetic variation via cyclical selection has been well explored (Hartl, 1980 and references therein) and is relevant here as a result of the low levels of g x e interactions, which would constrain the evolution of an optimal solution.
